Established cell transfection via nucleofection relies on nucleofection buffers with unknown and proprietary makeup due to trade secrecy, inhibiting the possibility of using this otherwise effective method for developing cell therapy. We devised a three-step method for discovering an optimal formulation for the nucleofection of any cell line. These steps include the selection of the best nucleofection program and known buffer type, selection of the best polymer for boosting the transfection efficiency of the best buffer and the comparison with the optimal buffer from an established commercial vendor (Amaxa). Using this three-step selection system, competitive nucleofection formulations were discovered for multiple cell lines, which are equal to or surpass the efficiency of the Amaxa nucleofector solution in a variety of cells and cell lines, including primary adipose stem cells, muscle cells, tumor cells and immune cells. Through the use of scanning electron microscopy, we have revealed morphological changes, which predispose for the ability of these buffers to assist in transferring plasmid DNA into the nuclear space. Our formulation may greatly reduce the cost of electroporation study in laboratory and boosts the potential of application of electroporation-based cell therapies in clinical trials.
Introduction
Cell-based gene therapy has a great potential for treating both incurable diseases and genetic diseases. For example, genetically modified dendritic cells can assist in the formation of vaccines to boost antitumor immunity, 1 show promise as a treatment for graft-versus-host disease 2 and promote immunity from infectious diseases. 3 More importantly, using stem cells as a cell-based gene delivery therapy may have a greater potential for multiple applications. Stem cells are already tested for the treatment of autoimmune diseases and lymphomas 4, 5 and the repairing and regrowth of damaged tissue. 6 Moreover, stem cells can be promoted to differentiate into dendritic cells useful for treatment. 7 Recently, the adipose-derived stem cells (ASCs) have been isolated 8 and characterized. 9 ASCs have shown to be another potential candidate for cell therapy. 8, 10 They are present in relatively large amounts in the body, can be harvested and isolated more easily than most other stem-cell lineages, and give rise to a variety of different cell lineages, including adipocytes, chondrocytes, myoblasts and endothelial cells. 9 More importantly, ASCs possess a homing ability for some cancer cell lines, 11 making them excellent potential candidates for antitumor cell therapy.
A number of methods are used to modify the cells and 'arm' them for cell therapy. Viral transduction remains an attractive method for modifying cells, due to the high efficiency of transfection. 12, 13 There are number of different viral types, including adenovirus and adenoassociated virus, and various retroviruses including lentiviruses.
14 Unfortunately, the use of viral vectors will often invoke the host's immune response, which can lead to decreased efficacy. 15 Alternatively, binding of viruses can alter cellular function beyond any desired changes from transfection, 16 which has the potential to alter the 'stemness' of stem cells. Some viral vector may cause oncogene activation, resulting in tumor development. 17 In summary, these viral vectors present the combined challenges of immunogenicity and overall safety. 18 These drawbacks create a need for non-viral methods of gene transfection. Polymer-based, cationic lipid groups present a promising method of transfection for both dividing and non-dividing cell lines. 19, 20 However, use of lipofection is effective in some cells but limited in other cells. 21 Moreover, some polymer complexes, including the popular polyethylenimine, 22 present their own issues with cytotoxicity. 23 This limit is due to a number of factors, including the ability to localize genes to the nucleus. 24 Another form of non-viral transfection is the use of an electric field to increase the permeability of a cell to larger molecules, or electroporation. 25 First discovered in 1982, 26 the method proved to be an effective means to move hydrophilic, non-permanent molecules across the plasma membrane. 27 The actual method by which the membrane becomes permeable is not well known, even to this day. Polarization of the cells from the electric field only lasts a few microseconds, 28 but the increased permeability of the cells can last for several minutes. 29, 30 The current model states that the electric field opens small pores that allow macromolecules into the cytosol. 25 The limitation of most electroporation methods for cell therapy is cell death and low transfection efficiency.
The Amaxa nucleofector (Amaxa GmbH, Cologne, Germany) is an electroporation device combined with a set of special transfection buffers that greatly improves the transfection efficiency and increases the cell survival rate. 31 This can be applied not only to cells that are generally difficult to transform, such as natural killer cells, 32, 33 but also to cells that do not replicate, such as most neurons. 34 The use of the nucleofector technique allows efficient transfection of stem cells with reduced risk of modifying cellular processes. 35 However, the use of the Amaxa nucleofector requires the use of proprietary nucleofector buffers, which must be purchased directly from the vendor/manufacturer. This presents a number of limitations on the use of such technology: the nucleofector solutions are very costly for a small quantity of solution; the composition of these buffers remains a trade secret by which prevents any knowledge of toxicity of these buffers and therefore clinical applications (if the compounds are used in clinical studies, it is likely that the manufacturer will have a master document on file with the Food and Drug Administration defining the solution's composition); and the nucleofector solutions vary from cell line to cell line, and in many cases an optimal solution is not given. In this study, we present a method to determine an optimal in-house nucleofector formulation-one that can be made from known chemicals-for different cell lines. The formulation is more economically feasible and ideally will have the same transfection efficiency as commercial nucleofector solutions. (pH 7.4) , is made from a 10 Â homemade stock solution, filtered and stored at 4 1C. After preparation, the solution is filtered through a 0.2-mm filter and stored at room temperature. Buffer S consists of 0.45 M NaCl and is stored at room temperature.
Materials and methods

Cell culture
LMA1 stock was made to a 10% (wt/vol) of Poly-Lglutamic acid (mw 15-50 kDa; Sigma-Aldrich, St Louis, MO) in MQ-H 2 O. LME1 (Polyethyleneglycol, mw 8 kDa; Amresco, Solon, OH), LMP8 (Poloxamer 188, mw 8 kDa; Spectrum Chemicals, Gardena, CA), LMP1 (Poloxamer 181, mw 2 kDa; Spectrum), LMP7 (Poloxamer 407, mw 12 kDa; Spectrum) and LMV1 (Polyvinylpyrrolidone, mw 40 kDa; Fisher, Pittsburgh, PA) stocks were all made to 20% (wt/vol) in MQ-H 2 O. LMP3 (Pop313, donated from Expression Genetics, Huntsville, AL) was made to a stock concentration of 0.01% (wt/vol) in MQ-H 2 O. LMC1 (Crown-5, donated from Expression Genetics) was provided at a stock concentration of 10%. All stock buffers were stored at 4 1C and were kept for 1 month.
Electroporation
Cells were pelleted and resuspended in 100 ml transfection buffer at a concentration of 1.0 Â 10 6 cells per 100 ml, then transferred to a sterile 3 mm Amaxa nucleofection (Clontech Laboratories, Mountain View, CA) cuvette and incubated with 2 mg reporter gene encoding plasmid DNA. The reporter genes, GFP (green fluorescence protein) and luciferase, were driven by cytomegalovirus promoter at the 5 0 -end and terminated by the human growth hormone polyadenylation signal at the 3 0 -end. The size of GFP and luciferase plasmid DNA is 4.7 and 4.3 kb, respectively. Cells were electroporated using the appropriate nucleofection program. Nucleofected cells were then rinsed with 500 ml sterile culture medium and transferred to the well of a sterile 12-well plate. Cells were incubated at 37 1C for 24 h before analysis.
Survival
Immediately after transfer to a 12-well plate, 10 ml cell solution is mixed with 10 ml Gibco Trypan Blue Stain (Invitrogen; part #15250-061.) In all, 10 ml of the cell mixture is transferred to a hemacytometer and counted. Survival is expressed using the following equation: (number of non-blue cells)/(total number of cells) Â 100%.
Flow cytometry
Before luciferase and protein assays, cells are harvested by trypsinization and resuspended in 1000 ml phosphatebuffered saline. In all, 500 ml cell suspension is removed and fixed in phosphate-buffered saline þ 1.0% formaldehyde solution before analysis. Cells are measured by a BD FACSCalibur (BD Biosciences, San Diego, CA).
Luciferase and protein assays
After incubation, cells were lysed and assayed for luciferase using a commercial protein assay and cell lysis kit (Promega, Madison, WI; part #E4030). Briefly, cell pellets were rinsed with phosphate-buffered saline and lysed with 200 ml lysis reagent using the freeze/thaw method. Cell lysates were kept at 4 1C during analysis and stored at À20 1C when not in use. In all, 20 ml of cell lysates were transferred to a 96-well plate. Luciferase activity was measured using a Packard LumiCount (Perkin-Elmer, Boston, MA). All luciferase activity is normalized to protein assay data using the following equation: ((luciferase assay data in relative luminescence units) Â 200)/(protein assay data in mg).
Protein assays were conducted using a commercially purchased BCA protein assay kit (Thermo Scientific, Rockford, IL; Product #23227.) Briefly, 4 ml cell lysate prepared from luciferase assay is transferred to a clear 96-well plate. Protein levels are measured by a Packard SpectraCount (Perkin-Elmer). Protein assay measurements are calibrated to a bovine serum albumin standard with a maximum of 40 mg and analyzed by I-Smart 2.0 (Perkin-Elmer).
Electron microscopy
In all, 5 Â 10 4 murine ASC was seeded onto 13 mm round Thermanox coverslips (Thermo Fisher Scientific, Rochester, NY) placed in a sterile 24-well plate. Cells are grown until they reach 40-50% confluence. All growth medium is removed from the wells, and cells are incubated at room temperature for 10 min in one of the following solutions before processing for scanning electron microscopy 
Results
First step-determine optimal buffer and program To discover novel nucleofection formulation(s) for increasing cell transfection efficiency using an Amaxa nucleofection device, we decided to use known cell transfection electroporation buffers as a starting point. We initially chose two buffers: OptiMEM and pulsing buffer. 37 OptiMEM, referred in this publication as Buffer O, has been effective in the electroporation of immune cells. 37 A pulsing buffer, referred in this publication as Buffer P for easy description, has shown some promise in the electroporation of CHO7 cells when used in combination with commercial devices. 37 To determine which nucleofection program from Amaxa nucleofector device has the greatest potential to boost the gene delivery to cells using these known buffers, we used seven programs suggested in Amaxa's optimized nucleofection protocol: A-20, T-20, T-30, X-01, X-05, L-29 and D-23. The exploration of the optimal buffers and the optimal program to combine with this buffer is referred to as step 1. Figure 1a gives an example of the results of the first step for the murine breast cancer cell line 4T1 and the same procedure was applied to all other 20 tested cell lines listed in this study. X-01 appeared to be the most effective nucleofection program for the 4T1 cell line and for half the cell lines tested, suggesting half of cell lines in nature may share the same or similar electroporation sensitivity. Many of the cell lines favor Buffer O, though some tumor cell lines favor Buffer P. Other buffers such as saline and phosphate-buffered saline were also tested, but none stood out persistently (data not shown).
Second step-determine optimal polymer
Once an optimal buffer and program were determined from step 1, we wanted to test if the addition of any polymers to the selected transfection buffer would increase the efficiency of transfection when pulsed. A number of polymers were selected based on their ability to assist other forms of transfection. Poly-Lglutamic acid (LMA1), Polyethyleneglycol (LME1) and Polyvinylpyrrolidone (LMV1) were selected due to their ability to enhance gene delivery to muscle cells via electroporation in vivo using another BTX electroporation device (Boston, MA) by us (unpublished data) and others. [38] [39] [40] Poloxamer 188 (LMP8), a member of the family of pluronic-block copolymers, 41 has shown some promise in lipofection. 42, 43 An example of result of the second step is presented in Figure 1b , using the same 4T1 cell line displayed in the example in step 1 (Figure 1a) . We repeated the two-step optimization for a total of 20 cell lines. The results of these can be seen in Figure 2 . The results show that varying degrees of effectiveness were achieved on different cell lines. Poly-L-glutamic acid (LMA1) has shown some promise in increasing transfection efficiency in many tumor cell lines. LMP8 has shown a great promise in a number of different cell lines regardless of the tissue of origin. Moreover, for many cell lines where another polymer was more effective, LMP8 proved to be the second best but very close to the efficiency of the best one because no significance can be detected often (see the example in Figure 2b ), indicating that LMP8 is an important component for generating universal and effective electroporation formulation for cell therapy. The optimal buffers for each cell line were provided in Supplementary Table 1.
Third step-comparison with Amaxa buffer Amaxa nucleofection solutions are cell specific. Amaxa formulations are available for 10 of the 20 cell lines we tested-HT29, Hela, K7M3, C2C12, Jurkat, MCF7, MC3T3E1, D1, 4T1 and B16F10. Since our purpose is to find a cell electroporation formulation that is comparable to the commercial buffers recommended by Amaxa, we tested the overall effectiveness of our optimal formulations determined in step 2 with the Amaxa recommended buffer. When using Amaxa-produced buffers, the proper corresponding program listed in the Amaxa nucleofection kit (Amaxa GmbH, Cologne, Germany) protocol was used. We determined the relative efficiency based on the amount of gfp production expressed as a relative percentage of the amount of luciferase expressed by the same cells transfected using the Amaxa formulation ( Figure 3 ). As Figure 3 illustrates, our formulation outperforms Amaxa buffer in electroporation transfection efficiency in 5 out of 10 cell lines.
Cell transfection efficiency
While measuring the efficiency of transfection based on the production of luciferase can be a useful metric in determining transfection efficiency, we wanted to determine the total percentage of cells transfected with our formulation. For this purpose, we transfected cells with PGF1032, a plasmid coding for green fluorescence protein (gfp), and identified GFP-positive cells using flow cytometry. In terms of the percentage of cells positive for transfection of GFP, our formulations, match closely (Figure 4a ), though the Amaxa formulation is superior to ours in inducing a higher amount of luciferase produced by those cells (Figure 3) . This difference from GFP and luciferase expression caused by Amaxa and our formulation was not due to the transfection variation because cells were transfected with both reporter genes at the same time and split for different reporter gene analysis. This discrepancy is likely due to the difference in the number copies of plasmid DNA uptake from two buffer systems.
Cell survival
Due to the heavy amount of cell death post-transfection, one major challenge is cell survival rate when electroporation is employed for in vitro transfection. Initially, we postulated that Amaxa's formulation did not improve cell transfection efficiency, but improved cell survival. To test this hypothesis, immediately after washing the transfected cells, 10 ml of the cell suspension was used to measure cell viability using Trypan blue staining. We first noticed our electroporation buffer is as good as Amaxa buffer in reserving cell survival rate except for Jurkat (Po0.01) and Hela cells (but not significant, P40.05) (Figure 4b ).
Optimize buffers for ASCs
One of the intended uses of our method is to determine an optimized buffer for cells intended for therapeutic uses. One such primary cell target would be ASCs. Their abundance, ease of harvesting and multipotency make ASCs a very attractive target to transform, 9 and engineering these cells would prove to be a valuable tool in cell therapy. We performed the three-step optimization on murine ASCs. The use of Buffer O and program X-01 yielded the most effective transfection rate. As with other cells, addition of LMP8 improved transfection efficiency by threefold, yielding 13.65% but failed to match the efficiency of the Amaxa buffer (29.1%). The consistent improvement in transfection efficiency by using LMP8 (Figure 2 ) suggested that we should look into the other family members of this polymer. 43 In that regard, we have tested two of them: LMP8 (Poloxamer 188, see the structure in Figure 5a ) and LMP1 (poloxamer 181). Both LMP8 and LMP1 are similar in structure (Figure 5a ). The internal, hydrophobic polyoxypropylene chain is the same size in both copolymers. However, the outer, more hydrophilic polyoxyethylene chains are much shorter in Electroporation formulation M Flanagan et al LMP1 than in LMP8. Apart from making the copolymer smaller, it also serves to decrease the solubility of LMP1. At concentrations of 1.0% or greater, we found LMP1 to be very toxic, with no living cells remaining in culture. However, at very low concentrations (o0.01%), LMP1 proved to be even more effective at transfecting cells than LMP8. Transfecting murine ASC using a low concentration of LMP1 in place of 0.5% LMP8 results in a larger population of cells positive for gfp (Figure 5b ). Flow cytometer sorting of the cells shows that 0.005% LMP1 is equally as efficient as the recommended Amaxa MSC nucleofection buffer (Figure 5c ), both formulations achieved about 29% transfection rate. This rate may be adequate for cell therapy as a non-viral delivery approach.
Nuclei projection under SEM DNA or cell formulations are generally considered to change the electric, chemical and biological properties of cells, increasing cell transfection efficiency. In this study, a different angle was used to analyze the possible underlying mechanism by which formulation increases the cell transfection efficiency. In this regard, ultra-morphology change in the presence of different cell formulations was explored using SEM. We incubated the seeded mASCs in DMEM, OptiMEM, OptiMEM þ 0.001% LMP1 and Amaxa MSC nucleofector solution. The SEM images show that, in the presence of either Amaxa buffer (Figure 6b ) or our transfection buffers (Figure 6c ), the majority of nuclei (480%) are projected to cell membrane, pushing the cell membrane to a noticeable bump (Figures 6b and c) . This is in contrast to the control mASC, where most of the nuclei (480%) are masked by the plasma membrane with a flat plateau morphology, making the nuclei more difficult to observe (Figure 6a ).
Discussion
Our primary goal is to develop an effective but public known cell formulation for boosting cell transfection via Nucleofection or other electroporation devices at a low cost. Our current result suggests that both LMP8 and LMA have a great potential to surpass or match Amaxa buffer in some cell lines (Figure 3) . Independently, one study 44 used a new assembled electroporation device with ability of varying pulses during the cell transfection and found that sequential delivery of high and low pulses achieved the same transfection efficiency as Amaxa buffer/device. It is our expectation that this new device in combination with our formulation may further boost the transfection efficiency and allowing gene expression in most, if not all, cells, surpassing currently available commercial systems. This study should be initiated. In some tested cell lines, such as the transfection of 4T1 cells, the Amaxa nucleofector buffer still produced greater transfection efficiency than our formulations. It should be noted that, in either case, the use of nucleofection yields a moderate level of cell transfection. We observed, in most cases, 10-30% cells transfected by nucleofection, whether by our own formulation or the recommended Amaxa nucleofection buffer. This number is much less than the number advertised by Amaxa. Other studies using the reagents and guidelines published by Amaxa showed results similar to ours. 45 These results suggest that further improvement is needed, regardless if using Amaxa or our buffer.
No single polymer exhibited the ability to increase the transfection rates of all cell lines. We had the most consistent success with Poloxamer 188 (LMP8). We have had comparable positive results with the use of pluronicblock copolymers.
The exact mechanism of electroporation remains poorly understood, though current thought suggests a very brief opening of cellular pores that allow macromolecules to flow into the cell. 25, 46 Originally, we thought that the use of certain polymers would surround the DNA, allowing it to more easily enter the cell in a manner similar to lipofection. 20 However, no difference in transfection efficiency between mixing the nucleofection buffer with cells first and mixing the buffer with DNA first (data not shown). This result suggests that such a model may not be true.
What makes nucleofection such a desirable form of transfection is the ability to transfer the desired material directly into the nucleus. Our observation of mASC using SEM reveals a possible explanation for how Buffer O promotes cell transfection via electroporation. In the presence of transfection Buffer O and the Amaxa nucleofector solution, the majority of mASC nuclei are juxtaposed to the cell membrane, giving the nuclei the appearance of a projection above the plane of the cell 
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M Flanagan et al (Figures 6b and c) . Theoretically, the nuclei projection to cell membrane would reduce the physical distance from the extracellular space to the nucleus. The same study was performed with other optimum buffer and polymer combinations without any success because cells fallen off the Thermanox coverslips in presence of LMP1 solution, inhibiting to determine the cell morphology under SEM. Many pluronic-block copolymers exhibit surfactant qualities, 41 and LMP1 tends to be more hydrophobic 43 which may be impeding the ability of the mASC to remain firmly attached to the Thermanox coverslip. This may explain our inability to permanently attach cells to the coverslip for SEM study. Other materials such as glass fiber disks were used to grow cells for SEM study because this material is tolerant to the hot temperature under SEM and could prevent from cells stripped off in the presence of LMP1 solution before loading on SEM but the noising background from glass fibers prevented from observing any cell morphology. Other materials need to be identified for testing the model that some of the buffers and polymers may simply boosts the projects of nuclei to cell membrane and cut the distance between cell membrane to nuclei.
Adipose stem cells are a very attractive option for cell therapy, due to their ease of acquisition and isolation. 8 Moreover, ASCs can be manipulated to differentiate into a number of different cell types. 9 Since ASCs have shown some promise in homing to certain tumors in vivo, 47 it is feasible to envision their potential use for cell-driven antitumor treatment, capable of promoting antitumor immunity or altering the tumor microenvironment. The ease of acquiring and isolating ASCs, combined with the ease and effectiveness of nucleofection along with the clinical safety and cost effectiveness of an in-house nucleofection buffer, makes for a very attractive method of cell therapy.
